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Abstract: Multiferroics are materials where two or more ferroic orders coexist owing to the interplay between spin, 
charge, lattice and orbital degrees of freedom. The explosive expansion of multiferroics literature in recent years demon-
strates the fast growing interest in this field. In these studies, the first-principles calculation has played a pioneer role in 
the experiment explanation, mechanism discovery and prediction of novel multiferroics or magnetoelectric materials. In 
this review, we discuss, by no means comprehensively, the extensive applications and successful achievements of 
first-principles approach in the study of multiferroicity, magnetoelectric effect and tunnel junctions. In particular, we in-
troduce some our recently developed methods, e.g., the orbital selective external potential (OSEP) method, which prove 
to be powerful tools in the finding of mechanisms responsible for the intriguing phenomena occurred in multiferroics or 
magnetoelectric materials. We also summarize first-principles studies on three types of electric control of magnetism, 
which is the common goal of both spintronics and multiferroics. Our review offers in depth understanding on the origin of 
ferroelectricity in transition metal oxides, and the coexistence of ferroelectricity and ordered magnetism, and might be 
helpful to explore novel multiferroic or magnetoelectric materials in the future. 
Keywords: First-principles calculation · Multiferroic · Magnetoelectric · Ferroelectricity · Magnetism 
 
1 Introduction 
In the 1890s, famous French scientist Pierre Curie, from symmetry point of view, asserted that non-moving crystals 
could demonstrate magnetoelectric effect [1]. We have no clue that how he could make such penetrative conclusion at 
his era, considering that the origins of magnetism and ferroelectricity could only be clarified after the birth of quantum 
mechanics, and are still in debates in many cases by now. Nevertheless, apparently he had opened a new world for the 
material science. 100 years later, in the celebration of centennial of Curie's idea, the term multiferroic, i.e., two or 
more of the primary ferroic properties are united in the same phase, was coined by Schmid [2]. After another 20 years, 
the research on magnetoelectric and multiferroic materials is already a big and important branch of the condensed 
matter physics. For the concepts and phylogeny of magnetoelectric and multiferroic materials, one can refer to a series 
of reviews [3-12]. 
In the last twenty years, it is obvious that ab initio, or first-principles calculation has played a very important role 
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in the revival of magnetoelectric and multiferroic research. It is therefore the aim of the current review to give an in-
troduction of the application of first-principles calculation in the study of magnetoelectric effect and multiferroic ma-
terials. Indeed, thousands of papers related to the first-principles calculation on the magnetoelectric or multiferroic 
properties have occurred in the past decades. It is definitely impossible to give a comprehensive review to introduce 
them all. Fortunately, there are already some nice reviews in this subject [13-15]. We then focus our review on the 
recent important progress in the first-principles studies of magnetoelectric and multiferroic materials. 
This review is organized as follows. We first give a brief overview of first-principles electronic structure calcula-
tions. We emphasize the aspects of first-principles calculations relevant to the study of magnetoelectric and multifer-
roic materials. Particularly, we will introduce some newly developed computational methods, which are proved to be 
helpful to clarify the mechanisms of the ferroelectric, magnetic and magnetoelectric effect in the system. Then we 
give some recent representative examples of the successful applications of first-principles calculations in the explana-
tion and prediction of magnetoelectric or multiferroic phenomena. Both single-phase and composite multiferroics are 
involved. As the concept of electric-field control of magnetism is indeed the core of the magnetoelectric and multifer-
roic research, we will also show some progresses towards this direction, e.g., the ab initio study of Rashba effect. Fi-
nally we give a summary and perspective of first-principles calculations in the field of magnetoelectric and multifer-
roic materials. 
 
2 First-principles calculations: advantages and limitations 
Nowadays, relying on evolution of numerous numerical algorithms and modern computers, computational physics 
gradually bridges the gap of theoretical physics and experimental physics. Among the computational approaches, 
first-principles calculations based on solving of true fundamental Hamiltonian of the system build up the pillars of 
quantum many-body research especially in the field of multiferroic materials. As solving Schrödinger equation for 
many-body system is a challenging work even for high performance supercomputing center, it’s unavoidable to intro-
duce some approximations to curtail the results of ab initio calculations. However, these approximations will not, in 
general, introduce adjustable physical parameters into system except for making computational tasks easier. 
The application of first-principles calculation has been more and more extensive, and will continuously grow 
exponentially. In the research field of materials, physics, chemistry, and even biology, first-principles study has grad-
ually become an important research technique, which covers both macroscopic and microscopic scales. As it is too 
difficult and lengthy to make a detailed and comprehensive introduction about the application of first-principles cal-
culation, we will only make a brief introduction here, focusing on the part of magnetoelectric and multiferroic studies.  
 
2.1 Why first-principles calculations? 
As mentioned above, first-principles calculations are in principle parameter free calculations. Compared with tradi-
tional analytic method, many complicated and time-consuming calculations can be carried out from first-principles, 
which would largely improve the accuracy and reliability of results. On the other side, contrary to the modern experi-
mental method, which is based on precise measurement using highly sensitive and expensive instruments and devices, 
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and largely depends on the quality of samples, the first-principles study is almost cost-free and can be easily applied in 
many materials and systems. This will inevitably shorten the period of research to a great extent. 
Particularly, the first-principles calculation is powerful in the prediction of physical properties of materials under 
various extreme conditions. For examples, the density functional theory (DFT) in the standard formulation is a ze-
ro-temperature method [16], and thus it is naturally used to deal with the problem under very low temperature, which 
will be difficult and expensive to realize in experiments. In addition, systems experiencing extreme high-temperature 
can be simulated by first-principles molecular dynamics (FPMD) [17]. Besides the conditions under extreme temper-
ature, the first-principles calculations allow detailed studies of systems under high (hydrostatic) pressures [18], large 
epitaxial strain [19], and strong (electric, magnetic and optical) fields [20, 21], or with heavy doping [22], etc. It is 
also relatively easy to study low-dimensional systems, for instance quantum well [23], quantum wire [24], quantum 
dot [25] , perfect surface [26] and interface [27]. 
As a more practical method than analytic one, as well as a much cheaper tool compared with experiment, 
first-principles calculation has been successfully applied to predict hypothetical or unknown structures and their prop-
erties, some of which have already been proved experimentally [28]. Indeed, in the last three decades, first-principles 
calculations have gradually evolved from mere aids in supporting experimental data and interpreting physical phe-
nomena observed from diverse experimental techniques or obtained from theoretical research, as well as revealing the 
mechanism of them [29], to powerful tools for the design of novel materials. 
It is foreseeable that with the theoretical developments and increases in the calculation capability, first-principles 
calculations will reach unprecedented levels of accuracy in treating complicated systems at the microscopic level [29] 
and play a more and more important role in the research of physics, chemistry, materials science, etc.  
 
2.2 What can first-principles calculations do? 
For the system given atomic positions and element types, the total energy can be easily obtained by solving 
Kohn-Sham equation using DFT based self-consistent calculation. Due to the fact that the stable structures in nature 
possess the lowest total energy, structure optimization can be realized during the process of calculating the minimum 
energy. In the past few decades, the accurate first-principles total-energy calculation has been widely used for investi-
gation of phase transition and phase stability. Classical cases include studies of the relative energetics of three differ-
ent silica polymorphs [30], the stability of LixCoO2 for x ranging from 0 to 1 [31], and the transition from the Cm 
post-perovskite phase to Pbnm-perovskite phase in MgSiO3 [32]. It has also been used to explore the phase transition 
in multiferroics, such as strain-induced isosymmetric phase transition in BiFeO3 (BFO) [33], structure instability of 
four cubic perovskite BiMO3 compounds (M = Al, Ga, In, and Sc) [34], and C-type to G-type antiferromagnetic phase 
of tetragonal-like (T-like) BFO [35].  
For dynamic simulations and relaxations of first-principles calculation, density of states (DOS), as well as the 
band structure are available, which are widely used to explore the electronic properties in compounds, e.g., perovskite 
compounds [36-38], wurtzite-type compounds [39-41]. In general, the calculation of band structure demonstrates the 
nature of the band gap, the position of the valence (conduction) band edge, and the features at high symmetry points, 
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based on which, the metal-insulator transitions [42, 43], and direct-indirect band gap transition [44] can be researched. 
For the first-principles DOS calculation, except for the conventional total DOS, integrated DOS, and site projected 
DOS, the DOS between two spin states, as well as the energy resolved magnetization density in the x, y and z direction 
is also available for spin-polarized case. The overlapping DOS indicate bonding between different states and inflect 
the degree of hybridization [45, 46].  
The elastic modulus, strength are important mechanical properties of materials. The elastic modulus contains 
many types. The three primary ones are the tensile modulus (or the Young’s modulus), the shear modulus, and the 
bulk modulus. Due to the good agreement with experimental data, the first-principles calculations of the elastic mod-
ulus have already been an effective and significant method to explore the elastic properties of materials [47-49]. The 
theoretical strength of materials describes the upper limit to withstand an applied stress without failure, including the 
compressive strength, the tensile strength and the shear strength. The first-principles strength calculation has already 
been the hotspot for the research field of computational materials science and has been widely used for metals [50, 51], 
diamond-type materials [52, 53], and carbon-nanostructures [54, 55]. With the application of first-principles calcula-
tion, the electronic structures and mechanical properties can be calculated simultaneously, which will contribute to the 
explanation for the relationship between structures and mechanical properties, as well as the theoretical guidance in 
the development of new materials. 
The physical properties of materials mainly include three aspects, i.e., magnetic, electric and optical properties. 
As these properties of materials are directly related to the crystal and electronic structures, first-principles calculations 
of physical properties have been proved to be reliable by comparison with experiments, and consequently have been 
widely used. 
Magnetism is a phenomenon by which materials assert an attractive or repulsive force on others. The nature and 
magnitude of the atomic magnetic moments determine the magnetism of materials in large part. Using first-principles 
calculation, the spin and orbital contributions to the magnetic moments can be available [56, 57], based on which, the 
origin of the magnetism [58-60] and the way to enhance the magnetism [61] can also be investigated. For the research 
of magnetism using first-principles calculation, the magnetocrystalline anisotropy energy (MAE) is one of the im-
portant fields. The representative work is Daalderop et al’s [62] research of iron, cobalt, and nickel, Wang et al.’s [63, 
64] state tracking approximation and surface magnetocrystalline anisotropy analysis, tetragonal FeCo alloys with giant 
MAE predicted by Burkert et al. [65], and the effects of an external electric field on the MAE of transition-metal films 
[66, 67]. In addition, the analysis of magnetic ordering and spin exchange interaction has been carried out using 
first-principles calculation in multiferroics [68, 69], low-dimension materials [70, 71] and other compounds [72]. 
Electricity is a set of physical phenomena associated with the presence and flow of electric charge. For insulators, 
what we concerned is the dielectricity, which describes the ability of the system to be polarized under an external 
electric field. For conductors or ultrathin insulating films where electron tunneling could occur, we are able to study 
their transport properties using first-principles calculations [73]. Whereas for dielectric materials, the main application 
of first-principles calculation in dielectricity is the research of polarization. The enhancement of polarization in het-
eroepitaxially constrained thin films of the multiferroic BFO, reported by Wang et al. [74], and Fu et al’s [75] work  
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about a large piezoelectric response driven by polarization rotation induced by an external electric field are two of the 
representatives among them. First-principles study of spontaneous polarization is extensively applied in multiferroics, 
such as BFO [38, 76], Bi2FeCrO6 [77], SrMnO3 [78], and ferroelectrics, such as BaTiO3 (BTO) [79], PbTiO3 (PTO) 
[80]. Especially, the study of polarization rotation is widely used to design piezoelectric materials, and explain the 
origin of electromechanical response [81, 82]. Furthermore, the study of ferroelectric domain wall [83, 84] is also 
available using first-principles calculations. 
Optics is the branch of physics which involves the properties of light and its interactions with matter. According 
to the response of dielectric polarization to the electric field of the light, optics has been divided into two parts: linear 
optics and nonlinear optics. Linear and nonlinear optical techniques are particularly important as tools for providing 
complementary information on crystallographic, electronic and magnetic properties and studying the coexistence and 
interactions of magnetic and electric order. As the fact that neither the standard DFT [85] nor the GW approximation 
(GWA) [86] allows for a correct evaluation of optical spectra or other charge-neutral excitations, using first-principles 
calculation in optical response is much later than its application in magnetic and electronic properties [87]. With the 
development of single- and many-particle Green’s function so far, first-principles study has been extensively carried 
out to explore linear and nonlinear optics, such as real and imaginary part of dielectric functions [45, 88], absorption, 
reflectivity, refractive spectrum [89-93], magneto-optical Faraday and Kerr spectra [94-96], second-harmonic genera-
tion susceptibilities [97-100], and obtained excellent agreement with experimental measurements. Recently, Tong et al. 
[101] extended the first-principles optical calculation to the spin-dependent case, which will be helpful to study the 
optical properties of magnetic systems.  
First-principles calculations are especially useful in studying low-dimensional systems, which are the frontiers of 
condensed matter physics. Surface—be it of a metal, an ionic or covalent solid, or a semiconductor—is a form of 
matter with its own physics. It is similar to bulk materials over many aspects while its particular structure of low di-
mension brings numerous differences which make surface science more glamorous. Actually, a surface can be re-
garded as an interface between a material and vacuum. The interface physics tends to be more complicated and fruitful 
when involving several different materials because it is likely to bring fascinating phenomena, e.g., concomitant in-
terface two dimensional electron gas (2DEG), interface ferromagnetism [102], phase transformation [103], interface 
polarization pinning [104] or interface effect modified MAE [105], etc. Consequently, interfaces are usually expected 
to be more functional as the famous phrase goes coined by Nobel laureate Herbert Kroemer, the interface is the device 
[106]. However, some quantitative investigations for interfaces and surfaces are unreliable or difficult to measure in 
experiments technically. First-principles calculations can help to modify or confirm these kind of results, which make 
up the deficiency of experiments. Up till now, the first-principles studies have managed to calculate the cur-
rent-voltage (I-V) characteristics of a molecular device concerning interfaces [107], to predict the critical thickness for 
the ferroelectricity affected by a realistic ferroelectric-electrode interface [108, 109] and magnetoelectric effect in 
multilayers [110], as well as to investigate the interface electrochemistry in conversion reactions [111], etc. Addition-
ally, when it comes to nanotechnology and spintronics in the last two decades concerning many low dimensional ma-
terials, e.g., 2D black phosphorus [112], carbon nanotubes [113], graphene [114], silicene [115], topological insulator 
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nanostructures [116] etc., the overwhelming contribution from first-principles calculations should never be ignored 
because of thousands of prospective studies involving fundamental physics of transport properties [117, 118] and 
thermal stability [119, 120], material characterization [121, 122] and devices design [123, 124] have been (or being) 
proved (or fabricated), and further realized into novel nanodevices in the future. 
As is well known, classical molecular dynamics simulations describe the process of resolving Newton's equations 
of motion for many-body systems over a period of time. As one of the most powerful modern computational methods, 
classical molecular dynamics study has been applied into ultra-precision manufacturing [125], (soft) condensed matter 
physics [126-128], genetic engineering [129], medicine [130], etc. However, its intrinsic dependence of predefined 
potentials and force fields established by empirical physical data or independent electronic structure calculations not 
only bring suitable approximation for atomic interactions, but also is a conspicuous shortage owing to the terrible 
portability of potentials. For an unexplored matters or materials, classical molecular dynamics is frustrating for the 
absence of a set of certified self-consistent potentials. To overcome this problem, a technique reigning classical mo-
lecular dynamics and general first-principles study was created as FPMD, as well as the conventional name 
Car-Parrinello molecular dynamics (CPMD) naming after two Italian physicists Car and Parrinello [131] who pro-
posed this set of underlying theory in 1985. 
Over the last thirty years, FPMD has made a substantial progress and attracted many eyes in computational 
physics, computational chemistry and computational biology. As said by physicist Hutter, one of the developers of 
CPMD and CP2K program packages, its applications are instrumental in fields as diverse as enzymatic catalysis and 
the study of the interior of planets [132]. Though FPMD is versatile, the underlying idea of every FPMD is to compute 
the forces exerting on nuclei relying on interaction potentials from the on-the-fly electronic structure calculations as 
the molecular dynamics trajectory is formed. FPMD technique within the framework of DFT open ways for us to ob-
serve the time-dependent and temperature-dependent physical behaviors dynamically. Nowadays, the track of FPMD 
can be found in phase transitions [133], surface and interface chemistry [134], liquids properties investigations [135] 
and other physical or chemical research [136, 137]. In a word, FPMD is not a mechanically simple combination of 
classical dynamics and general first-principles theory, it has been cooked into a state-of-the-art theoretical tool actual-
ly. 
 
2.3 Limitations of first-principles calculations 
First-principles calculation, of course, is not a remedy for every problem in the research of condensed matter physics. 
Like any other scientific tools, it has its own limitations. For the magnetoelectric and multiferroic materials as we 
concerned in this review, the limitations can be summarized as follows. 
The first and also the most serious one is the accuracy of total energy calculations. As we know, in the applica-
tion of DFT to the first-principles calculation, we have to choose approximate density functionals to treat electronic 
exchange-correlation energy. Among the approximate density functionals, local density approximation (LDA) and 
local spin-density approximation (LSDA), whose philosophy can be dated back to Thomas–Fermi–Dirac theory, is 
probably the most widely employed within first-principles calculation. However, LDA usually overestimates the 
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binding energy of molecules and the cohesive energy of solids due to lack of cancelation of the self-interaction, con-
sequently tends to underestimate bond lengths especially for systems involving hydrogen bonds or van der Waals 
closed shell interactions. Besides, accurate band gap is difficult to obtain in LDA for semiconductors and strongly 
correlated systems such as transition metal oxides CoO [138]. On account of these limitations, many other ex-
change-correlation functionals were proposed. Generalized gradient approximation (GGA) is the most preferred one 
in practice since it improves binding energies, bond lengths and computational efficiency, but some problems still ex-
ist such as unreasonable gap energy. For the multiferroic materials we concerned, which inevitably involve magnetic 
transition-metal ions, the ordinary first-principles calculations sometimes may provide unreliable results. Of course, 
more accurate many-body methods, like GW, dynamical mean field theory (DMFT), or more comprehensive density 
functional approximations, like hybrid GGA, meta-GGA, can be adopted to overcome these problems to some extent 
[139-142]. These methods, unfortunately, at present are far from being practical for the complex structures of interest. 
Second, as the devices scale down into nanoscale, first-principles study enables us to design and test novel 
nanodevices, molecular devices and spintronics devices. Whereas, first-principles study is a double edged sword. 
Once applied to investigate large scale systems containing more than thousands of atoms or more, it is no longer an 
efficient way due to the rapid increase of computing time. This sets a severe limitation on the phenomenon that 
first-principles calculation could handle. For instance, the ferroelectric domain and magnetic domain generally involve 
groups of atoms, hence hard to be studied by first-principles calculation. 
Lastly but not least, first-principles approaches to uncover various properties of the systems are still limited. Ba-
sically we only have confidence on predicting some ground state properties of the system. As to the properties of 
non-periodic, or non-equilibrium systems, there is still a long way to go. Therefore, work toward a method that takes 
advantage of current knowledge, experience with existing methods as GW method for excited state systems [143] and 
kinetic energy density functionals for non-periodic systems [144] may lead to real progress. 
 
2.4 Recent progress in developing first-principles tools 
As stated above, to fill the gap between the basic DFT calculations and the prediction of demanded properties of the 
system, one must develop appropriate theory. For a periodic system, the polarization is a lattice rather than a vector, 
and the polarization lattice can be calculated by quantum mechanical electronic structure methods [145]. In fact, with 
the development of Berry phase theory, the ferroelectric polarization can also be obtained in DFT calculation [146]. 
Berry phase theory rigorously defines the spontaneous polarization of a periodic solid and provides a route for its 
computation in electronic structure codes. Another recent progress in DFT for periodic solids especially for insulators 
is attributed to Thonhauser et al [147]. They derived an expression for the orbital magnetization of a periodic insulator 
by working in the Wannier representation, which is a significant contribution to a more general theory of orbital mag-
netization. The development of relevant theories and numerically calculation of specific physical quantities is always 
an important theme in the history of first-principles calculations. 
Another direction of the development of the first-principles calculations is to make compromise between the 
complicated many-body calculation and the simple yet less accurate single-particle calculations when handling the 
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strong correlated systems. Among these efforts, the LDA+U is perhaps the most successful one [148, 149]. In fact, 
orbital-sensitive potentials are proved to be effective in solving many subtle problems in transition-metal oxides. Re-
cently, Wan and co-workers [150, 151] developed a new approach, orbital selective external potential (OSEP) method, 
which was previously called constrain orbital-hybridization method to effectively investigate the origins or mecha-
nisms of the intriguing properties of the systems we are interested in. The spirit of the OSEP approach is to introduce a 
special external potential. Different from the realistic external potential, this potential is orbital sensitive, i.e., only 
certain appointed orbital can feel it. Though this orbital sensitive potential is originally proposed for theoretical pur-
poses, indeed such potential could exist in nature. Specifically, a projector operator inlm inlmσ σ  is defined, which only 
allow the external potential Vext influence the specific atomic orbital inlmσ . Here i denotes the atomic site, and n, l, m, 
σ are the main quantum number, orbital quantum number, magnetic quantum number and spin index, respectively. 
The new Hamiltonian can be written as: 
  OSEP 0KS extH H inlm inlm Vσ σ= +  , (1) 
where 0KSH  is the original Kohn-Sham Hamiltonian which includes all the orbital-independent potential. The new 
secular equation with this new Hamiltonian then can solved the in the framework of DFT in a self-consistent way, 
without additional efforts. In such scheme multiple orbital-dependent potentials can be applied to the system simulta-
neously, providing great flexibility to study various effects on the physical or chemical properties of the system. Using 
such approach, Du et al. [150] have explained the formation of the lone pairs, which is very important for the ferroe-
lectric systems involving Pb or Bi ions. In the following part, we will further demonstrate the power of the OSEP 
method by uncovering the origin of ferroelectricity in perovskite ferroelectric oxides. 
 
3 First-principles study of magnetoelectric and multiferroic materials 
In recent years, with the amazing development of information industry, as well as the pursuit of high-speed, 
high-density and low-energy-cost storage, multiferroics has attracted large number of interest in theoretical and ex-
perimental research due to its inspiring potential application of in data storage. Meanwhile, the multiferroics have be-
come one of the hottest topics in condensed matter physics and materials science. In the following part, we will show 
some representative cases of the applications of first-principles calculations in the study of magnetoelectric and mul-
tiferroic materials.  
 
3.1 First-principles investigations on single phase multiferroics 
As pointed out before, the so-called multiferroic [2] material is one that possesses two or more kinds of the primary 
ferroic properties, i.e., ferroelectricity, ferromagnetism, ferroelasticity, and ferrotoroidicity in the same phase. Due to a 
great deal of attentions in the ordering of ferroelectricity and ferromagnetism, i.e., magnetoelectric effect, multiferro-
ics are regarded as a special kind of magnetoelectric materials. Except for the inherent properties that a spontaneous 
magnetization (electrical polarization) can be reoriented by an applied magnetic (electric) field, multiferroic materials, 
where these two order parameters are intimately coupled, have the prospect of controlling charges by applied magnet-
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ic fields and spins by applied voltages [5]. Traditionally, such materials have all the potential applications of both their 
parent ferroelectric and ferromagnetic materials, such as transducers, actuators, and capacitors based on ferroelectrici-
ty, and sensors, read heads, spin transistors and magnetic valves based on ferromagnetism [151]. In addition, it is pre-
cisely because the two polarization vectors, i.e., magnetization and polarization, which are widely applied in encoding 
information, are closely connected in a single multiferroic material, the application of multiferroics in information 
storage can be envisaged. The concept of multi-state memory [152-154], multiferroic random access memory 
[155-157], and electrically assisted magnetic recording (EAMR) [158] has been pointed out and some of them have 
already been experimentally demonstrated. Based on the multiferroics, especially the coupling between magnetization 
and polarization, the functional devices and storage technologies possess tremendous potential applications in infor-
mation industry.  
Despite the attracting prospect and large amounts of research in this field, very few multiferroics exist in nature 
or have been synthesized in the laboratory. Furthermore, the weak coupling between ferromagnetism and ferroelec-
tricity of the majority proved multiferroics, as well as the Curie temperature far away from room temperature, restrict 
the practical applications of multiferroics. Here we present several representative theoretical work to track the ad-
vances in the research of single phase multiferroics. 
 
3.1.1 Origin of ferroelectricity in perovskite oxides 
In some materials such as perovskite oxides (ABO3), their nonzero misalign of positive and negative charge centers 
induces spontaneous electric dipole moments that can be reversed by the application of an external electric field. This 
property of spontaneous electric polarization is called ferroelectricity. The study of ferroelectric materials began in 
1894 when anomalously large piezoelectric constants was observed in Rochelle salt. However, it was not until 1940s 
that ferroelectricity was observed in BTO and related perovskite-structure oxides after the report of phenomenological 
theories for dielectric, piezoelectric, elastic, and ferroelectric phase transition behaviors [159]. Cochran [160] and An-
derson [161] proposed ferroelectric soft mode theory, which correlates phase transitions and lattice dynamical insta-
bility and has been proved in strontium titanate by using infrared reflection by Barker et al [162] at the University of 
California. The soft mode theory is quite motivational though we have known that the transition is weakly first order 
in many perovskite ferroelectrics such as orthorhombic β-phase BFO, which may be the consequence of polariza-
tion-strain coupling [163, 164]. 
Owning to the sensitivity to chemistry, defects, electrical boundary conditions and pressure, perovskite ferroelec-
trics display very different ferroelectric behavior, which results from a delicate balance between long-range Coulomb 
(Madelung) force (favors the ferroelectric state) and short-range repulsions induced by overlapping of electron cloud 
(favors the nonpolar cubic structure). Using first-principles approach of linearized augmented plane-wave method 
(LAPW) [165] within the LDA for the exchange and correlation interactions [166], Cohen et al. [167, 168] proposed 
an origin for ferroelectricity in perovskite oxides that hybridization between the B cation and O is essential to weaken 
the short-range repulsions and allows the ferroelectric transition. In most ferroelectric oxide perovskites containing B 
cations, the lowest unoccupied states are d-states, by hybridization with the O states, they consequently soften the B-O 
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repulsion and allow the possibility of ferroelectric instability. 
To shed light on the origin of ferroelectricity in perovskite oxides unambiguously, the above described OSEP 
method is adopted to investigate the ferroelectric instability in two typical perovskite oxides, i.e., BTO and PTO, by 
shifting the energy level of specific atomic orbital. As the strength of hybridization between two atomic orbits is 
strongly dependent on their energy difference, by applying an external field to shift the energy levels of these orbitals 
we can effectively weaken (or strengthen) the hybridization [150]. Therefore we can obtain the immediate conse-
quence caused by change of the orbital hybridization. 
As depicted in partial density of states of BTO in Fig. 1a, Ti 3d orbitals mainly dominates around 3 eV at the con-
duction band, and the remaining Ti 3d orbitals primarily locate at the valence band, hybridizing with O 2p orbitals to 
induce ferroelectricity. By exerting external field to Ti 3d orbitals we can easily control the hybridization between Ti 
3d and O 2p orbitals. To address the issue intuitively, a double-well potential profile is adopted to describe paraelec-
tric-ferroelectric phase transition. As shown in Fig. 1b, shifting up Ti 3d orbitals lowers the double-well potential, thus 
weakens ferroelectricity. In particular, when shifting the on-site orbital energy by 2 eV, the double-well potential van-
ishes, instead a single well potential crops up which indicates the disappearance of ferroelectricity. Therefore, the fer-
roelectricity of BTO is dependent on the hybridization between Ti 3d and O 2p orbitals, providing straightforward 
numerical support of Cohen’s theory [168]. 
 
Fig. 1 (Color online) a Density of states of BTO projected onto the Ti 3d orbitals with OSEP method, and the zero is set to the Fermi level. b Double-well 
potential of BTO with total energy as a function of Ti off-center displacement for lattice distortion (A2u mode), shifting Ti 3d states by the OSEP method. 
The inset shows corresponding soft mode 
 
Another conventional ferroelectric is PTO, in which ferroelectricity is thought to be mainly induced by Pb 6s 
lone pair and the hybridization between Ti 3d and O 2p orbitals. The double-well potential obtained from general DFT 
method and OSEP-based DFT method by shifting Pb 6s and Ti 3d orbitals is shown in Fig. 2. As we can see, shifting 
down Ti 3d or shifting up Pb 6s orbital will increases the depth of double-well potential and enhances ferroelectricity, 
yet the influence of Pb 6s orbital is much less than that of Ti 3d orbitals. Therefore, both Pb 6s and Ti 3d orbitals play 
important roles in the ferroelectricity of PTO, which is also consistent with Cohen’s theory [168]. 
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Fig. 2 (Color online) Double-well potential of PTO with total energy as a function of Ti off-center displacement for lattice distortion, shifting Pb-6s and 
Ti-3d by OSEP method  
 
3.1.2 The root of multiferroics for ABO3 structures 
In prototypical ferroelectric materials such as BTO and PTO, which both contain transition metal cations with a for-
mal d0 electronic structure, the requirement for “d0-ness” has been explained in terms of covalent bond formation be-
tween empty transition-metal and filled O 2p orbitals. But magnetic system has partial occupation of the transi-
tion-metal d orbitals. Therefore, magnetism and conventional ferroelectricity are believed mutually exclusive [151], at 
least in perovskite oxides. It is generally assumed that there are very few multiferroic materials which are both mag-
netic and ferroelectric. The contradiction between B-site ferroelectricity and B-site magnetism therefore demands new 
mechanisms for ferroelectricity in multiferroics, for example lone pair stereochemical activity, geometric ferroelec-
tricity, spin spirals, etc. [3]. It is interesting to point out that recently Wan et al. [169] proposed an entirely different 
theory stating that short range magnetic interaction supports ferroelectric instability in magnetic oxides, which was 
exotic yet needs to be verified experimentally. 
The ions Bi3+ and Pb2+ have (6s)2(6p)0 electronic configuration, which belongs to the lone pairs. The lone pair state 
is unstable and will give rise to a mixing between the (6s)2(6p)0 ground state and a low-lying (6s)1(6p)1 excited state, 
which eventually leads these ions to break the inversion symmetry. The lone pair stereochemical activity which re-
quires a p0 configuration is an example of the second-order Jahn-Teller effect, which is similar with d0 configuration. 
From real-space visualization of electronic structure as shown in Fig. S1, Hill and co-workers [170] confirms that 
highly distorted structure is induced by lone pairs. Therefore, the ions with lone-pair electrons locate at A-sites in an 
ABO3 perovskite structure, and the magnetic ions locate at B-sites, which can avoid the incompatibility between 
magnetism and ferroelectricity. The typical representatives of lone pair stereochemical activity are BFO and BiMnO3 
(BMO). Note that with the help of the OSEP method, we can more clearly identify the role of lone pairs in the ferroe-
lectricity, as did in Ref. [150]. This study is still in progress. 
Another famous multiferroic material is YMnO3 which is both ferroelectric and A-type antiferromagnetic [37]. 
YMnO3 is an anomalous ferroelectric oxide, where rehybridization and covalency play minor roles. Instead, 
long-range dipole-dipole interactions and oxygen rotations both cooperate to drive the system towards the stable fer-
roelectric state.  
 11 
 
In fact a structural instability in YMnO3 is mainly generated by size effects and geometric constraints. The 
space-filling and atomic coordination in the symmetry structure is not optimal, but can be improved by a small distor-
tion that eventually breaks inversion symmetry. DFT calculations showed that the ferroelectric structure of YMnO3 
arises from an interaction between a polar Γ-point mode and a non-polar Brillouin zone-boundary mode that leads to a 
unit cell tripling. In addition, phonon frequencies and group theoretical analysis show that YMnO3 belongs to an im-
proper ferroelectric, where the K3 phonon is strongly unstable and interacts with the Γ phonon leading to the observed 
polarization [171]. 
 
3.1.3 BiFeO3 
Among multiferroic materials, BFO with high transition temperatures well above room temperature (TC ~ 1100 K, TN 
~ 640 K), owning to abundant physics deriving from the interaction between charge [172], spin [157], orbital [173] 
and lattice [174], has been probably the most studied multiferroic material to date [175]. The ground-state structure of 
BFO is rhombohedrally distorted with space group R3c (a=5.63 Å, α=59.4°) [176] as shown in Fig. S2a–c, arising 
from the cubic perovskite structure by two successive distortions [177]: (i) counterrotations of adjacent oxygen octa-
hedra along [111] direction and (ii) relative displacements of Bi, Fe and O atoms along [111]. The ferroelectric polari-
zation in BFO is 90 μC/cm2 with a large displacement of the Bi ions relative to the FeO6 octahedra along [111] direc-
tion [38], and is much larger than conventional ferroelectricity. With the influence of epitaxial strain, BFO shows 
T-like phase, which has gigantic ferroelectric polarization (135 μC/cm2) [178]. Bulk BFO has G-type antiferromag-
netic ordering (Fig. S2d) due to the superexchange interaction, and both the inter- and intra-plane couplings are anti-
ferromagnetic. However, considering the Dzyaloshinskii-Moriya (DM) interaction BFO has spiral magnetic ordering 
(Fig. S2d) [177] , and can be induced to produce weak ferromagnetism by breaking the spiral magnetic ordering. The 
ferromagnetic plane is perpendicular to the ferroelectric polarization direction and the easy magnetization axis is cou-
pled to ferroelectric polarization direction in BFO, which can be applied to electric field control of magnetism [179]. 
The perovskite BFO was first prepared in the late 1950s, but limitations in the quality of bulk crystals had hin-
dered us from observing true polarization values. The current interest in BFO was caused primarily by a 2003 paper 
from Ramesh’s group [74]. In high quality epitaxial BFO thin film prepared by pulse laser deposition technique, they 
found unexpectedly large remnant polarization and a substantial magnetization which is generally believed to be re-
lated to extrinsic effects such as defects or small amounts of impurity phases. 
Using first-principles calculations Ederer and Spaldin [79] found that the large electric polarization of BFO was 
actually intrinsic in bulk BFO and was insensitive to epitaxial strain in stark contrast to many other conventional fer-
roelectricity. A systematic comparison of the strain dependence in various ferroelectrics, including BFO both in an 
R3c phase and a hypothetical tetragonal phase with P4mm symmetry (Fig. S3). It was performed that the effect of ep-
itaxial strain for all investigated systems can be understood in terms of piezoelectric tensor and Poisson ratio. We 
should point out that our recent study, which has not been published yet, demonstrates that the Fe–O interactions have 
much important roles in the ferroelectricity of BFO. 
Domains have a wide range of practical applications [180] , including nonvolatile random access memories and pi-
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ezoelectric devices. In rhombohedral BFO the ferroelectric polarization can point along any of the four diagonals of 
the perovskite unit cell hence BFO has three different domain structures (71, 109 and 180°). DFT can successfully 
calculate the characteristics of ferroelectric domains. Recently Ren et al. [181] investigated single domain and mul-
tidomain configuration of BFO as shown in Fig. 3a and found that the calculated wall energies follow the sequence 
0.053, 0.071 and 0.156 J/m2 for the 109, 180 and 71° domain walls, respectively, particularly the 109° domain wall is 
found to be the energetically most stable domain. Under compressive strain the domain structures display phase tran-
sition between rhombohedral-like (R-like) and T-like BFO phases, (Fig. 3b), and different domain walls have different 
strain conditions. In the certain strain regions the multidomain structures adopt an R-like phase, while the single do-
main configuration has already transformed into its T-like phase. 
 
Fig. 3 (Color online) a Schematic models for 109°(top), 71°(middle) and 180°(bottom) single domain and multidomain structures. b The relationship be-
tween domain wall energies and in-plane epitaxial strain for the investigated multidomain structures. The insets show the minimum total energy of the 
multidomain structures (in solid squares) and single domain configurations (via open circles) as a function of the misfit strain, and the vertical dashed lines 
represent the phase transition between R-like and T-like phase. Reproduced with permission from [181]. Copyright 2013, American Physical Society 
 
Ding and Duan [35] studied the relationship between the magnetic ordering and ferroelectric polarization in the 
bismuth multiferroic oxides by theoretical calculations, and found a solution to the electric field control of the mag-
netic ordering of the T-like BFO. There exists a transition from C-type to G-type antiferromagnetic phase of T-like 
BFO with the in-plane constant 3.91 Å when the ferroelectric polarization is along the [001] direction. The magnetic 
ordering of T-like BFO is determined by the delicate balance between the Heisenberg exchange constant J1c and J2c, 
which could be influenced by the ferroelectric polarization. Fig. 4 illustrates the evolution of the magnetic ordering 
with the change of the lattice constant and the ferroelectric polarization. In the shaded zone of Fig. 4, ferroelectric po-
larization change transforms C-type to G-type antiferromagnetic phase. The properties of spin transport of C-type and 
G-type antiferromagnetic state are entirely different along z axis, which makes it possible to modulate the magnetic 
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resistance of a single phase multiferroic film to record information by electric field. 
 
Fig. 4 (Color online) Total energies, respect to the energy of [001] polarization at 3.74 Å, of the T-like BFO with ferroelectric polarization along [001] 
(square), [111] (triangle), and [110] (circle) directions. The straight lines with solid symbols and dotted lines with open symbols indicate the magnetic 
orderings are G-type and C1-type antiferromagnetic, whose spin arrangements are shown as insets, respectively. Reproduced with permission from [35]. 
Copyright 2012, Institute of Physics 
First-principles calculations are helpful to elucidate the interface structures of BFO related heterostructures.  
Huang et al. [104] investigated coherent super-tetragonal BFO/LaAlO3 and rhombohedral BFO/LaAlO3 heterointer-
faces by transmission electron microscope and first-principles calculations. In Fig. 5a, there are three transition layers 
for BFO from cubic-like to super-T-like, a continuous expansion of the BFO crystal lattice, elongation of oxygen oc-
tahedra, and displacement of Fe ions at heterointerfaces. A similar pinned interface transition layer about two unit cells 
thick is directly observed at heterointerfaces. As shown in Fig. 5b, T-like BFO experiences compressive strain, and 
R-like BFO experiences tensile strain. Therefore, it exists a critical mismatch around –4.3 % relative to R-BFO. The 
phase stability of R-like and T-like BFO is a result of competition between the tilting of FeO6 octahedra and the dis-
placement of Fe ions, which is depended on the strain. These results are consistent with first-principles calculations. 
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Fig. 5 (Color online) a Transmission electron microscope image and polarization pinning diagrams for BFO/LAO interfaces and the corresponding polari-
zation relaxation. b Substrate strain effect on the stability of T-BFO and R-BFO phases. Reproduced with permission from [104]. Copyright 2013, Wiely 
 
3.1.4 Prediction of novel multiferroics 
First-principles study, as discussed in previous section, is powerful to predict novel multiferroics. Here we introduce 
several examples. Some of them are already confirmed by recent experiments. 
Bulk phase EuTiO3 is an antiferromagnetic-ferroelectric with cubic perovskite structure. But in 2006, using 
first-principles density-functional theory calculations, Fennie and Rabe [182] reported that the transition from antifer-
romagnetic-paraelectric to ferromagnetic-ferroelectric phase will occur for biaxial compressive strain above 1.25 % 
(Fig. S4). As the value of the strain is easily attainable in experiments, the system targeted, thin-film EuTiO3 strained 
in biaxial tension at +1.1 % on the DyScO3 substrate, was experimentally proved to exhibit strong ferromagnetism 
(spontaneous magnetization, ~7 µB per Eu) and strong ferroelectricity (spontaneous polarization, ~29 ± 2 μC/cm) sim-
ultaneously in 2010 [183]. As we can see, first-principles study demonstrates an efficient strategy to find multiferroics 
under constrained circumstances. 
Similarly in 2010, Bousquet et al. [19] theoretically predicted highly epitaxial strained ferromagnetic EuO to be-
come ferroelectric and pointed out that its magnetic state remains ferromagnetic through the ferroelectric region. As 
the paramagnetic-to-ferromagnetic transition temperature of EuO is approximately 69 K, which is greater than that of 
EuTiO3, i.e., (4.24 ± 0.02) K and will be further increased under epitaxial strain [184], EuO could be a potential can-
didate for multiferroics. Unfortunately, the calculated critical epitaxial strains from first-principles study for EuO, i.e., 
–3.3 % biaxial compression and +4.2 % biaxial tension (See Fig. S5), are too large to be realized experimentally at 
present.  
Different from the prediction of strain induced multiferroic in EuO and EuTiO3, octahedron rotations induced 
multiferroicity in Ruddlesden–Popper material Ca3Mn2O7 (Fig. S6a) was predicted by Benedek and Fennie [185]. 
They found that two different octahedron rotation modes could drive the ferroelectric distortion and there exited a di-
rect indication of improper coupling between the polarization, rotations, and tilts. In Ca3Mn2O7 system, the two rota-
tion modes with different symmetries were found to be the oxygen octahedron rotation mode with irreducible repre-
sentation (irrep) 2X
+  and the oxygen octahedron tilt mode with irrep 3X
− (Fig. S6b, c). The results from 
first-principles calculation show that the polarization becomes non-zero only when both rotations condense, indicating 
that the polar state of the system is driven by the combination of the two modes [186]. Also it is observed that the ap-
plied strain can influence this special mechanism of the ferroelectricity. Note that the octahedron rotation modes in 
Ca3Mn2O7 induce not only the ferroelectricity, but also the weak ferromagnetism, it is very interesting to find some 
single phase multiferroic materials under this mechanism. 
 
3.1.5 Design of artificial multiferroics 
Not only can first-principles study predict unknown multiferroics, but also it helps to design multiferroics for us. For 
the lack of multiferroics in nature, many attentions are focused to accomplish multiferroics in artificial materials in 
 15 
 
latest years. As stated above, first-principles study precisely predicted strain induced multiferroicity in EuTiO3, which 
paves a new road to design multiferroics by strain engineering. In fact before this breakthrough in multiferroics, biaxi-
al strain due to the lattice mismatch between a thin film and the underlying substrate had extensively been used to tai-
lor the physical properties of materials, such as altering the paraelectric-to-ferroelectric or paramagnet-
ic-to-ferromagnetic transition temperature Tc by hundreds of degrees, and improve the mobility of semiconductors in 
transistors [187]. 
    In addition, a more active way to improve both magnetic and ferroelectric properties is doping [188]. A lot of 
work on the doped BFO has been presented in the past decade years. For B-site substitutions the Fe3+ ions are replac-
ing by other transition metal ions. A good example of such a case is a double perovskite of the Bi2FeCrO6 [189]. Gen-
erally, based on Kanamori rules, the superexchange interaction of Fe–O–Cr can induce ferrimagnetic ordering [190, 
191]. Nevertheless, Bi2FeCrO6 shows a ferrimagnetic state at the ground state since the Fe–O–Cr bond angle deviates 
from the perfect 180 ° to satisfy Kanamori rules. The magnetic moments of Fe and Cr ions are quite different (5 μB for 
Fe3+ and 3 μB for Cr3+), it could induce a net magnetic ordering of 2 μB per Fe-Cr pair. The space group of Bi2FeCrO6 
is reduced to R3 due to the breaking of compositional symmetry, and the ferroelectric polarization is about 90 μC/cm2.  
In the doping system an interesting artificial structure can be built, for example checkerboard model. Ferroelec-
tric antiferromagnetic bulk BFO and ferromagnetic bulk BMO are good candidates for a nanocomposite with mul-
tiferroic behavior, i.e., ferroelectric and ferrimagnetic. Pálová et al. [192] designed BFO/BMO checkerboard model 
(See Fig. S7) and reduced the energy difference between its antiferromagnetic and ferromagnetic state, making it 
much more plausible for a magnetic transition to occur. The ferroelectricity can be preserved. However, such structure 
is hard to grow experimentally. 
 
3.1.6 General theory for the ferroelectricity in spin-spiral multiferroics 
In last ten years a serious of manganese oxides (RMnO3 [193-196] and RMn2O5 [197, 198], with R = Y, Tb, Dy, Lu, 
etc.) have turned out to be multiferroics unexpectedly, leading manganese oxide to be an active field in multiferroics 
research. Employing first-principles calculations, theoretical researchers contributed many efforts to the exploration of 
single-phase multiferroics. Before 2007, It is a hard and time-consuming work to make a direct comparison of physi-
cal quantities for TbMn2O5 (TMO) between computational investigations and experiments because of the complicated 
incommensurate antiferromagnetic (AFM) structure with the propagation vector K = (0.48, 0, 0.32), but Wang et al.’s 
[199] work opened up a new way by constructing a relative simple structure with approximately equivalent propaga-
tion vector K = (0.5, 0, 0) to identify the origin of ferroelectricity in two degenerate TMO (denoted by L and R in their 
publication). Fig. 6 is the energy surfaces versus displacements, which clearly depicts the physical picture of coupling 
between magnetic order and lattice. The high-symmetry structure H in Fig. 6 is an unstable point on the energy sur-
face, hence it will tend to be L or R spontaneously according to its spin configuration of high-symmetry point. It’s 
clear that even if without invoking the spin-orbit coupling (SOC) and noncollinear spins, the ferroelectricity can be 
fundamentally driven by the noncentrosymmetric magnetic ordering in TMO. 
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Fig. 6 (Color online) An asymmetric-spin-chain model showing the sketch of energy surfaces of structure L and R vs the atomic displacements from the 
high-symmetry structure. The diamonds and triangles denote the Mn4+O6 octahedra and Mn3+O5 pyramids, respectively. Reproduced with permission from 
[199]. Copyright 2007, American Physical Society 
Besides ferroelectricity induced by the noncentrosymmetric collinear magnetic order, it also exists in many other 
insulating helimagnets or spiral-spin structures. Recent years, DM interaction [200] or equivalent Katsura, Nagaosa, 
and Balatsky (KNB) spin-current model [201] has provided successful explanations for spiral-spin ferroelectrics. 
Within this model, P is perpendicular to the direction of the magnetic modulation q ∝ eij (i.e., P⊥q).  However, the 
experimental studies of multiferroics CuFeO2 and MnI2 shows abnormal results that P in the helical spin-spiral state 
with q = (Q, Q, 0) is parallel to q (i.e., P||q), which can hardly be interpreted by the symmetric exchange striction or 
spin-current model. To resolve the aforementioned question, Xiang et al. [202] developed a generalized KNB (gKNB) 
model for the ferroelectric polarization induced by spin spiral on the basis of symmetry considerations and verified its 
validity by studying on MnI2 with first-principles calculation. As shown in Fig. 7a, the DFT calculations shows that 
P⊥q alone the [100] direction and P||q alone [110] direction, with q = (1/3, 0, 0) and q = (1/3, 1/3, 0), respectively, 
which corresponds to Kurumaji’s experiment [203]. Also, as shown in Fig. 7c, d, the gKNB model succeeds in pre-
dicting the correct direction of the electric polarization and giving a rather accurate magnitude of the polarization for 
the cases of q = (Q, 0, 0) and q = (Q, Q, 0), which manifests its applicability for ferroelectricity driven by spin-spiral 
magnetic order. 
 
Fig. 7 (Color online) a The triangular lattice of Mn2+ ions, where the in-plane lattice vectors a1 and a2 and the corresponding reciprocal lattice vectors b1 
 17 
 
and b2 are shown. b The magnitude of the polarization predicted from gKNB model as a function of Q for the cases of q = (Q, 0, 0) and q = (Q, Q, 0). c, d 
The spin orientations of two proper-screw spirals with q = (1/3, 0, 0) and q = (1/3, 1/3, 0). The modulation vector q and the polarization vector P are repre-
sented by the white and green arrows, respectively. The numbers (in µC/m2) denote the magnitudes of the polarizations obtained from the direct DFT cal-
culation and gKNB model. Reproduced with permission from [202]. Copyright 2011, American Physical Society 
Furthermore, Xiang et al. [204] extended gKNB model to noncentrosymmetric spin dimers and investigated the 
origin of the giant ferroelectric polarization of CaMn7O12 using DFT calculations. Different from the ferroelectricity in 
other multiferroic systems such as LiCu2O2 [205] purely caused by the SOC effect, the origin of ferroelectricity of 
CaMn7O12 involves more fundamental physics. In CaMn7O12, the magnitude of the ferroelectric polarization is deter-
mined by the exchange striction, but the sign is basically controlled by the strong DM interaction. Consequently, the 
giant ferroelectricity in CaMn7O12 is driven by strong DM interaction, combining with exchange striction. 
 
3.2 Exploring novel magnetoelectric effect 
In order to accomplish the electric control of magnetism, one major scheme is to explore the heterostructures with 
ferroelectric and ferromagnetic compounds [206-209]. In these structures the applied electric field can induce a strain 
in the ferroelectric layers. The strain can be transferred into the adjacent ferromagnetic layers through the magneto-
strictive coupling, and further influence the magnetism in the ferromagnetic compounds [6, 210]. Novel magnetoelec-
tric effect, however, could occur when the ferroelectric/ferromagnetic interfaces are epitaxial. This is firstly pointed 
out by the first-principles calculations, and will be discussed as followed. 
 
3.2.1 Interface magnetoelectric effect 
Recently, it has been found that the reversal of polarization in the ferroelectric layers can also affect the magnetic 
properties at the interface of ferroelectric/ferromagnetic compounds, which is called the interface magnetoelectric ef-
fect (ME) [211, 212]. In 2006, Duan et al. [110] studied the heterostructure of Fe/BTO (Fig. S8a). In this structure, 
when the BTO is in the paraelectric state, the magnetic moments of the interfacial atoms are exactly the same at the 
bottom and top interfaces due to the symmetry. However, in the ferroelectric state, the magnetic moments are different 
between the interfacial atoms at the bottom interfaces and those at the top ones. For Fe atoms, the one at the bottom 
interface has an enhanced magnetic moment, while the magnetic moment at the top interface is reduced. Similarly, the 
magnetic moments of the Ti atoms at the two interfaces produce a sizeable asymmetry. By analyzing the or-
bital-resolved DOS for the interfacial atoms, they found that there exists a strong hybridization between Fe in minority 
spin states and Ti 3d orbitals, which induce a magnetic moment of Ti atoms. When the BTO is polarized upward, the 
Ti atom moves toward the top interface and enhances the bonding between Fe and Ti 3d orbitals at the top interface, 
which lead to the minority-spin bonding state lies in deeper energy level. Such effect can directly increase the induced 
magnetic moment of top Ti atom and decrease the magnetic moment of top Fe atom. Fig. S8b shows the minority-spin 
charge density by switching the polarization, which can reflect the dissimilar behaviors of magnetic moment at the 
two interfaces. As seen from the Fig. S8b, it is clear that the charge distribution has a much higher overlap between 
the Fe atom and Ti atom for the up polarization than the down polarization. Considering the change of the interface 
magnetic moment, they obtained the magnetoelectric coefficient α = μ0ΔM/Ec ≈ 0.01 G cm/V, which is of the same 
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order in magnitude as epitaxial BFO/CoFe2O4 columnar nanostructures [213].  
Besides adjusting the interface magnetic moment, another interesting phenomena is to utilize this interface ME to 
manipulate the MAE of the ferromagnetic metal films. In 2008, Duan et al. [214] also focused on Fe/BTO hetero-
structure, and found that the polarization in BTO can influence the orbital magnetic moments and MAE of the Fe lay-
ers at the interface. As shown in Fig. S9, when the polarization is reversed, the MAE changes as much as 50 %. The 
main reason of this change in MAE also comes from the displacement of the atoms at the interface under the polariza-
tion, which can increase the hybridization between the Fe and Ti minority-spin 3d orbital and thus modify the electron 
distribution in these orbitals. Following Bruno [215] and van der Laan’s [216] model, they obtain a similar result (Fig. 
S9), proving the rationality of the first-principles calculation. After that, motivated by the theoretical achievements, 
Sahoo et al. [217] investigated this interface ME in epitaxial thin film Fe/BTO. They found that magnetization chang-
es greatly in the ferroelectric switching and structure transitions of BTO by electric field. Also there exists up to 20 % 
of change in coercivity field by different electric field, indicating that the interface magnetic anisotropy has been al-
tered. It is assumed that this discovery can be applied to design films with the switchable magnetic anisotropy and is 
helpful in the area of reading and writing on media with high perpendicular uniaxial anisotropy constant. 
 
3.2.2 Spin-dependent screening induced magnetoelectric effect 
The interface ME mentioned above mainly comes from the displacement of the interface atoms under the electric po-
larization. In other heterostructures, some different mechanism of interface ME has been studied. In 2007, Rondinelli 
et al. [218] explored the interface ME in SrTiO3/SrRuO3/SrTiO3 (STO/SRO/STO) by first-principles calculation. As 
shown in Fig. 8a, by the application of the electric field, the accumulation of spin is localized at the interfaces with an 
equal magnitude and opposite sign for two electrodes. The spin response of the interface is measured in terms of ratio 
of the surface spin polarization to the surface charge density η, which is about 0.37 for the STO/SRO/STO system. Fig. 
8b shows the spin density distribution at the high frequency regime, in which case, the ions are fixed and structural 
effects on magnetism can be eliminated. Although the induced spin density and magnetic moment are 10 times less 
than the static case, the value of η keeps constant, which indicates that this ME coupling is only ascribed to the accu-
mulation of spin carriers at the interface and does not originate from the spin-lattice interaction. Also by replacing 
STO to BTO, the ratio η is unchanged, demonstrating that the larger amount of charge to screen the ferroelectric po-
larization can induce a larger change of the interface magnetic moment. Note that the phenomena that spin-polarized 
charge is stored at the interface asymmetrically like the behavior of the charge in traditional capacitor. This study pro-
vides a new spin capacitor for the analogous spintronics devices in the future. 
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Fig. 8 (Color online) Calculated magnetization induced by an external voltage in a nanocapacitor consisting of seven layers of STO alternating with seven 
layers of ferromagnetic, metallic SRO electrodes with parallel magnetic alignment. The static response including ionic and electronic contributions (a) and 
the high-frequency (electronic only) response (b) are shown. The smooth and zigzag curves show the planar averaged and macroscopically averaged in-
duced magnetizations, respectively. Reproduced with permission from [218]. Copyright 2008, Nature Publishing Group 
Besides exploring the interface ME in heterostructures, another major scheme is to apply the electric field direct-
ly in ferromagnetic metals [67, 219]. Considering the spin accumulation in ferromagnetic metals under the applied 
electric field is limited at the surface of the film due to the spin-dependent screening [220], this magnetoelectric effect 
is called surface ME. In 2008, Duan et al. [66] investigated the Fe(001), Ni(001) and Co(0001) thin film under the 
external electric field by first-principles calculation. They found that under the external electric field a change of the 
magnetic moment was induced at the surface layer, and the magnetic moment of the surface Fe atom displayed a line-
ar relationship with the applied field. By setting up a model which assumes that the screening charge is localized at the 
metal surface and the free charge carriers at surfaces are spin-polarized, they obtained the surface ME coefficient αs as 
the following description: 
 Bs 2
n n
ec n n
εµα
↑ ↓
↑ ↓
−
=
+
, (2) 
where n↑ and n↓ are the surface DOS of majority-spin and minority-spin states at the Fermi level and ε  is the dielec-
tric constant adjacent to the ferromagnetic film. From this equation, it is clear that the surface ME coefficient is de-
cided by the spin distribution of the surface DOS. Fig. S10 shows the induced spin charge density along the Fe films. 
It can be seen that there exists two opposite spin density at the two surfaces which lead to two different behavior in 
magnetic moment of surface Fe atoms under the electric field. Besides the change of magnetic moment, the surface 
orbital moment anisotropy and MAE increased linearly with the external field, which provide a new way to adjust the 
MAE electrically. 
Above introductions mainly focus on the surface ME in the ferromagnetic films, where both the majority- and 
minority spin channels have the surface states at the Fermi level. Thus the ME coefficient is a fraction of the two sur-
face DOS from Eq. (2). However, for half-metals, where only one spin channel is conducting, according to Eq. (2), the 
surface ME coefficient αs can be written as 
 
 AR
TI
CL
ES
   
  
  
  
  
 
 
2
14B
s 2
G cm6.44 10
Vec
µα −= ± ≈ ± × , (3) 
suggesting that the ME coefficient of half-metal is universal constant and has nothing to do with the specific electric, 
crystal and surface structure. In 2009, Duan et al. [221] studied the surface ME of the CrO2 thin film, which maintains 
the typical half-metallicity at the (001) surface in the bulk. From the DOS of Cr in Fig. 9a, they found that only the 
majority-spin states exit at the Fermi level, and the minority-spin states exhibited an energy gap, indicating that CrO2 
was half-metal both in bulk and thin film structure. Fig. 9b shows the distribution of the spin density of majority- and 
minority-spin in the film under the external electric field. It is seen that the surface spin accumulation is mainly con-
tributed by the majority-spin channel and the net induced minority-spin charge at each surface is nearly zero because 
of its half-metallicity. By calculating the linear slope of the change in magnetic moment with the applied electric field, 
they pointed out that the surface ME coefficient αs is –6.41×10–14 G cm2/V, which is identical to the prediction from 
Eq. (3). Because this unique property in surface ME may happen only in half-metals, it would be a new way to detect 
half-metallicity by measuring the surface ME coefficient in the future. 
 
Fig. 9 (Color online) a Spin-polarized DOS at the bulk and surface Cr atoms in a 15-monolayer CrO2 (001) film; b top: induced spin-dependent charge 
densities Δρ=ρ(E)–ρ(0) for majority-(↑) and minority-(↓) spin electrons and spin density Δρ↑–Δρ↓ average over the plane. Down: variation in the electric 
field and the induced minority-spin polarization across the film. Inset: induced magnetic moment Δm per unit cell area of the CrO2 (001) surface as a func-
tion of the applied electric field. Reproduced with permission from [221]. Copyright 2009, American Physical Society 
Note that the surface ME coefficient in the systems mentioned above only has a small value, in order to enhance 
it and accomplish the control of magnetism by a small applied electric field, some investigations have been carried out. 
From Eq. (2), one possible way to increase αs is to improve the dielectric constant ε. In 2010, Niranjan et al. [222] 
performed first-principles calculation to explore the influence of the external electric field on magnetic properties of 
the Fe/MgO interface. By considering the linear slope of magnetic moment of Fe atom at the Fe/MgO, they found that 
ME coefficient is much larger than previous report in Fe (001) surface [66]. Also it is seen that the interface MAE 
changes with electric field and displays a more obvious slope of change comparing with the Fe (001) surface. Fig. S11 
shows the induced spin density in the (010) plane along the Fe/MgO interface and the change of magnetic moment in 
the interface Fe atom under the external electric field. They assumed that the behavior in ME coefficient mainly 
comes from the fact that the electric field is applied across the MgO layer, which is a kind of typical dielectric materi-
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als with a high dielectric constant. By analyzing the value of ME coefficient, they found that the ME at the Fe/MgO 
interface is enhanced with the Fe (001) surface by a factor of 3.8, which is equal to the high frequency dielectric con-
stant of MgO approximately. Such calculation indicates that the dielectric materials can increase the induced spin den-
sity at the interface under the electric field and further improve the ME at the interface. They also predicted that there 
existed a more significant influence of electric field on the interface MAE due to the change of the relative electron 
occupation in 3d orbitals of the Fe atom at the Fe/MgO interface. Inspired by the theoretical prediction, Maruyama et 
al. [223] grew a thin bcc Fe(001)/MgO(001) junction and found that a great change in the hysteresis curve of magne-
to-optical Kerr ellipticity with the magnetic field happened under a small electric field (less than 100 mV/nm), indi-
cating that the MAE is changed significantly. These experimental and theoretical results would be useful to develop 
the electrically written magnetic information technology in the future. 
 
3.3 Ferroelectric and multiferroic tunnel junctions  
Tunnel effect is a well-known phenomenon in quantum mechanics. It states that a particle, e.g. electron, has possibil-
ity to travel through a potential barrier that is higher than the particle’s energy. This effect not only has fundamental 
scientific interests, i.e., it demonstrates wave-particle dualism, but is of great importance to modern technology. For 
instance, tunnel magnetoresistance (TMR) [224], or more specifically the magnetic tunnel junction (MTJ), is now 
widely applied in hard-disk drives and magneto resistive random-access memory (MRAM) [225]. The successful ap-
plication of TMR has been inspiring people to study other types of tunnel effects. Considering the amazing analogy 
between ferromagnetism and ferroelectricity, it is natural to connect tunnel effect with ferroelectricity, and even with 
ferroelectricity and ferromagnetism together, i.e., ferroelectric tunnel junctions and multiferroic tunnel junctions. 
 
3.3.1 Ferroelectric tunnel junctions 
Early in 1970s, polar switch [226] involving a switchable thin-film ferroelectric material was proposed by Japanese 
physicist Esaki (Nobel Prize in Physics, 1973) in IBM. It was thought to be the earliest ferroelectric tunnel junction 
and expected to be an ideal candidate for nonvolatile memory cells. However, the research of polar switch in IBM was 
finally abandoned when Batra and Silverman [227] proved that the depolarization field would modify the thermody-
namic properties of ferroelectrics and thin film ferroelectric materials less than 400 nanometers were thermodynami-
cally instability. 
The nanoscale ferroelectric films was not observed until Bune et al. [228] reported the ferroelectric transition in two 
dimensional crystalline films of a random copolymer of vinylidene fluoride and trifluoroethylene [P(VDF-TrFE)] just 
10 Å (two monolayers) thick. This inspiring breakthrough of nanoscale ferroelectricity was further confirmed in many 
other kinds of ferroelectrics (PZT by Tybell et al. [229]; PTO by Rabe et al. [230]; BTO by Sai et al. [231]; STO by 
Son et al. [232]; BFO by Rault et al. [233]) experimentally and theoretically. At present, the observed size of ferroe-
lectric films has declined down to 0.4 nm [234]. For convenience, we list some milestones of nanoscale ferroelectrici-
ty in history (Fig. 10). 
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Fig. 10 (Color online) Some milestones of the ferroelectricity at the nanoscale in the history 
 
Benefiting from the notable evolution of the ferroelectricity at the nanoscale, the concept of ferroelectric tunnel 
junction was formally proposed by Kohlstedt et al. [235] in 2001 MRS Fall Meeting. In 2003, Contreras et al. [236] 
fabricated metal-ferroelectric-metal tunnel junctions with a Pb(Zr0.52Ti0.48)O3 film thickness ranging from 4 to 6 nm 
and reported two well-defined stable and reproducible resistance states in a 6-nm-thick Pb(Zr0.52Ti0.48)O3 thin film. 
They suggested that the polarization reversal in the ferroelectric barrier should be the origin of the observed resistive 
switching and the phonon-assisted inelastic tunneling processes were likely to be the dominant transport mechanism 
through 6-nm-thick Pb(Zr0.52Ti0.48)O3 thin film. What need alludes is, Contreras [237] wrote his doctoral thesis with 
the name of “Ferroelectric Tunnel Junctions” in the same year. This work presented a more detailed description of the 
concept of ferroelectric tunnel junctions and reviewed some significant experimental results and theoretical investiga-
tions of the quantum-mechanical electron tunneling through ferroelectric tunnel barriers.  
Besides the importance of the nanoscale ferroelectricity, transport mechanism through the ferroelectricity is quite 
crucial for a ferroelectric tunnel junction. Tsymbal and Kohlstedt [238] thought polarization reversal in ferroelectric 
barriers exerts strong effect on the conduction of ferroelectric tunnel junctions. In a ferroelectric tunnel junction 
shown in Fig. S12a, polarization reversal alters the sigh of polarization charges at the barrier-electrode interface, 
which consequently changes the depolarization field and potential profile seen by the transport electrons because of 
incomplete screening (Fig. S12b). Using first-principles calculation, Duan et al. [109] demonstrated that interface ef-
fect could strongly influence the ferroelectricity of ferroelectric perovskite thin films. In fact, the interface effect also 
modifies the hybridization at the interface hence influences the electron transmission possibility (Fig. S12c). In addi-
tion, Kohlstedt’s theoretical calculations showed that strain effect (Fig. S12d) brought by piezoelectricity under an 
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applied voltage could change transport characteristics of the barrier such as the barrier width and the attenuation con-
stant [239].  
  At present, first-principle study, combining with nonequilibrium Green’s function’s approach or phenomenological 
model has been thought to be a powerful tool to demonstrate the fundamental relations between transport, interface, 
electrodes’ screen and polarization in barrier, etc. for ferroelectric tunnel junctions. Luo et al. [240] reported a tunable 
tunnel electroresistance (TER) effect by mechanical loads. They used the fully self-consistent nonequilibrium Green’s 
function method combined with first-principles DFT calculation to investigate the TER induced by applied strain. 
They showed the applied strain not only could induce a stable and robust polarization, but also modify the effective 
potential barrier to accomplish paraelectric-ferroelectric phase transition. Therefore, an enhanced TER effect could be 
modulated by applied strain in their design. Hinsche et al. [241] calculated the TER for ferroelectric tunnel junction 
with BTO and PTO barriers by combining the microscopic electronic structure of the barrier material with a macro-
scopic model for the electrostatic potential. Their study clearly indicated the TER ratio is in dependence on the intrin-
sic polarization, the chemical potential, and the screening properties of the electrodes while the sign of the TER ratio 
depends on the chemical potential. What should be pointed out here is that their calculation method provide a flexible 
and reliable computational way to investigate the transport properties of ferroelectric tunnel junctions because their 
calculation can observe the influence of material-specific parameters, like the electrodes’ properties, on the TER effect 
while taking the electronic structure of the barrier into consideration and does not need a whole electronic structure 
calculation for the whole junction. In addition, several good reviews written by Scott (2006) [242] and Fang et al. 
(2013) [243] are available for readers to find more information about the transport mechanisms in ferroelectric tunnel 
junctions. 
 
3.3.2 Multiferroic tunnel junctions 
For the purpose of realizing more functionality in ferroelectric tunnel junctions, the normal metal electrodes can be 
replaced by ferromagnetic materials. The interplay between the ferroelectric order, ferromagnetic order and ferroelas-
tic order makes these spintronics devices be multiferroic tunnel junctions (MFTJs), which have been fabricated by 
many groups [152, 244, 245]. Based on first-principles calculations, Velev et al. [154] predicted four well-defined re-
sistance states in SRO/BTO/SRO MFTJ (See Fig. S13). What is worth mentioning in their work is that the two asym-
metrical interfaces in this MFTJ provides the crucial structure basis for the coexistence of TER and TMR. The theo-
retical result of four states in MFTJs is in agreement with the work of Gajek et al. [152] and has been observed in 
some other MFTJs [246-248]. These results reveal the exciting prospects of such systems for application in multilevel 
nonvolatile memories, tunable electric and magnetic field sensors, and multifunctional resistive switches. 
  Layer-by-layer method has been suggested as a new route to multiferroics and MFTJs, as it circumvents the con-
tra-indication between magnetism and ferroelectricity by constraining the magnetic ions in a polar arrangement in 
spite of their natural tendency to remain centrosymmetric [4]. In this way, we have more alternative materials to act as 
barriers in MFTJs. For example, three-component (or tricolor) superlattice (TCS) is one of the strategies to make arti-
ficial MFTJs. The theoretical prediction [249-251] and successful experimental realization [252] of asymmetric TCSs, 
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e.g., BTO-CaTiO3(CTO)-SrTiO3(STO), set up good examples for demonstrating the power of the first-principles cal-
culations to design this kind of MFTJ. The breaking of compositional inversion symmetry not only naturally brings 
asymmetric ferroelectricity into the system, but also provides additional freedom to tune the average lattice parameter. 
Similar spirit was presented in the work done in 2002 by Yamada et al. [253]. Yamada et al. [253] reported that the 
inversion symmetry could be broken by interface effects in artificial perovskite oxide tricolor superlattices, e.g., 
asymmetrically stacked (LaAlO3/La0.6Sr0.4MnO3/STO)n. Recently, Gao et al.’s [254] theoretical work thought that 
robust intrinsic asymmetric ferroelectricity could exist in TCSs of BTO-CTO-STO at the nanoscale. They also proved 
that these TCSs could still maintain stable structures at the interfaces contacting with ferromagnetic electrode materi-
als such as SRO and the asymmetric ferroelectricity would not disappear in these MFTJs. As shown by asymmetric 
potential energy profiles of the soft mode distortions in Fig. 11, the three well-defined energy differences between 
“up” and “down” states clearly show the stack sequences and interface effect contribute to maintain the ferroelectricity 
in tricolor nanoscale superlattices. Such nanoscale intrinsic asymmetric ferroelectricity could be used in ferroelectric 
related tunnel junctions.  
 
Fig. 11 (Color online) Calculated asymmetric potential energy profiles of the soft mode distortions (characterized by λ, where λ= +1 and –1 correspond to 
the “up” and “down” states, respectively) in the SrRuO3 (SRO) coververd tricolor lattices: SRO/CTO-(BTO)2-STO (SRO/CBBS), 
SRO/(CTO)2-(BTO)2-(STO)2 (SRO/CCBBSS,) and SRO/(CTO-BTO-STO)2 (SRO/CBSCBS). The energy differences between “up” and “down”states are 
6.2, 11.3 and 9.2 meV for CBBS, CCBBSS and CBSCBS, respectively. Reproduced with permission from [254]. Copyright 2013, Institute of Physics 
 
3.4 Other types of electric control of magnetism 
Charge and spin are the two basic properties of electrons. Compared with the conventional charge-based electronics, 
which has been extensively researched, the concept of spintronics (spin transport electronics or spin-based electronics) 
has been pointed out until the end of the 20th century [255]. As an attracting area of nanoscale electronics, the re-
search of spintronics has experienced vigorous development in recent years. 
The choice of functional materials for spintronics is nearly unlimited, such as semiconductors, metals, semicon-
ductor/metal interface, transition metal oxides, and carbon nanostructure, etc. Due to the advantage of spintronics de-
vices, i.e., quick spin response and less thermal energy loss, they would be major candidates for next-generation elec-
tronic devices with ultra-high speed and ultra-low power consumption [12]. 
The core problem of spintronics is how to switch the magnetization of a nanoscale memory element? In order to 
deal with it, a series of phenomena and devices related to spintronics have been discovered. Spin-polarized current 
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control, such as racetrack memory based on the spin transfer torque (STT) effects, the most conventional magnetic 
field control, such as topological insulators based on the quantum spin Hall effect (QSHE), and photonic field control, 
such as lateral spin valve based on all-optical control in semiconductors, are the three main branches of it [256]. 
Very recently, as an entirely new branch, all-electric spintronics, which manipulate magnetic moments or electron 
spin states via electric fields, has received a great deal of attention. The representative examples include electric field 
control of magnetic anisotropy [214, 219, 223], and its control of ferromagnetism in multiferroics [157, 257]. Com-
pared with magnetic field control, all-electric spintronics is a low-power magnetization switching technology, which is 
the main developing trend of spintronics and has the potential application in low-power logic devices and nonvolatile, 
solid-state memory. Above we have discussed direct electric field or ferroelectric control of MAE. Based on that it is 
theoretically possible to switch the magnetization solely by electric field [258, 259]. Following we will discuss other 
types of electric control of magnetism. 
 
3.4.1 Rashba spin-orbit coupling 
The SOC [260] describes an interaction between a particle′s spin and its motion, which has attracted considerable re-
search attention in the field of spintronics. For the electron, SOC acts as an effective magnetic field, which makes spin 
of the electron respond to its orbital environment, thus all-electric manipulation of the spin degree of freedom is pos-
sible. Among various kinds of SOCs, Rashba-type SOC [261] has attracted the most research focus because of its 
tunability through external electric field, which has been experimentally implemented in semiconductor heterostruc-
ture [262]. Rashba SOC arises from the structure inversion asymmetry, and thus usually appears at the inter-
face/surface. Its Hamiltonian can be written as:  
 R 2 2 ( )4
H V
m c
p σh= 汛 ， (4) 
where p is the momentum, σ is the Pauli operator, and ∇V is the potential gradient at the surface/interface. Electron 
affected by this effect will have a spin direction perpendicular to momentum (Fig. S14). 
 
3.4.2 Rashba spin-orbit coupling in semiconductors 
The use of Rashba SOC in semiconductors for spintronics can be traced back at least to the theoretical proposal of a 
spin field-effect-transistor (FET) by Datta and Das [263] in 1990. Fig. S15 shows the schematic of Datta-Das spin 
FET, in which InAlAs/InGaAs heterostructure provides a two-dimensional channel for electron transport between two 
ferromagnetic electrodes, and Rashba SOC acts as a k-dependent effective magnetic field. In this device, the gate 
voltage is applied to tune the strength of Rashba SOC in the channel, which controls spin’s precession and thus deter-
mines the transport current. This is a very novel spintronics device, however, due to various difficulties, for example, 
the low spin injection efficiency from semiconductor to ferromagnetic metal, the serious spin decoherence effect in-
duced by strong SOC, etc., it still remains a theoretical model, and has yet to be confirmed experimentally. Although 
this Rashba SOC controlled spin FET has not been experimentally confirmed so far, it is regarded as one of the most 
advanced applications of spintronics in the future. 
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When a conductor/semiconductor is subject to orthogonal electric and magnetic fields, opposite charges will accu-
mulate at the edges of a conductor/semiconductor due to the Lorentz force, which is known as the conventional Hall 
effect. Analogous to the conventional Hall effect, the spin Hall effect (SHE) refers to spin accumulation as a result of a 
charge current in the presence of SOC [264]. Such process is represented schematically in Fig. 12a. Two different 
types of SHE, i.e., intrinsic and extrinsic, have been recently proposed and observed in experiments. The intrinsic ef-
fect is caused by SOC in the band structure of the semiconductor and is independent on disorder [265], whereas the 
extrinsic SHE relies on scattering by impurities, typically includes the skew scattering and side-jump [266]. Using the 
Kerr effect, Kato et al. [267] observed the SHE in n-doped GaAs (Fig. 12b). Their observation is generally regarded as 
extrinsic SHE i.e., conduction electrons are scattered by impurities or defects in the crystal, where SOC causes the 
spin asymmetric effect. Another experimental report of the SHE was done by Wunderlich et al. [268]. They used a p-n 
junction light emitting diode (LED) device that coupled two-dimensional hole and electron doped systems with Rash-
ba SOC (Fig. 12c). The detection of spin-polarized light was performed by observing the circularly polarized light 
emitted when the hole and electron combined. 
 
Fig. 12 (Color online) a Spin accumulation is induced at the edges of the sample due to spin-orbit interaction when a pure charge current jx is applied [264]. 
b Schematic of the unstrained GaAs sample and the experimental geometry [267] c The schematic cross section of the coplanar p-n junction LED device. 
At forward bias of order of the GaAs band gap, electrons move from the 2DEG to the a two-dimensional hole gas (2DHG) where they recombine. The 
highest intensity of the emitted light is in the p region near the junction step edge[268]. Picture reproduced with permission from [269]. Copyright 2013, 
Springer 
 
3.4.3 Rashba spin splitting at non-magnetic or magnetic metal surface  
Metal surfaces form a new family for investigation of Rashba SOC. Research interest in metal surface begins with the 
Au(111) surface, in which a considerable Rashba spin splitting, about 110 meV at the Fermi level, was obtained in the 
sp-derived surface states through angle-resolved photoelectron spectroscopy [270]. Recent studies have extended to 
surface alloys, such as Ag/Au(111) [271], Ag/Pt(111) [272], Bi/Ag(111) [273], etc., aiming to tune the magnitude of 
the Rashba splitting strength by surface modification. The electric field, which is the most popular approach to tune 
Rashba SOC strength in semiconductor heterostructures, however, is seldom exploited in the metal surfaces. 
Bihlmayer et al. [274] were the first group to try the electric field control of Rashba splitting at a metal surface, yet 
they just provided very simple discussion. Very recently, Park et al. [275] calculated the Rashba splitting in a single 
Bi layer under an external electric field. A single metal layer itself, however, shows no inversion asymmetry, and thus 
an extremely strong electric field is required to produce considerable Rashba splitting, which may be of little practical 
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significance. In 2013, Gong et al. [276] investigated the electric field control of Rashba spin splitting in Au(111) sur-
face. Their calculations show that the electric field can modify the surface electrostatic potential and its gradient, re-
sulting the shift of the Rashba splitting bands and change of the Rashba SOC strength. Fig. S16 shows the linear rela-
tionship between the Rashba splitting energy and the applied electric field. 
Controlling the magnetic anisotropy of thin ferromagnetic films using a static electric field is of great interest and 
has been previously investigated, For example, Duan et al.’s [66] investigated the Fe, Co, Ni thin films imposed to the 
external electric field, and found the linear relationship between the surface MAE and the electric field. They omitted 
the contribution of the surface Rashba SOC, and attributed such electric field control of MAE to spin-dependent 
screening effect. For magnets, especially those with high-Z atoms, for example, in surface state of ferromagnetic Yb 
[277], Rashba SOC and exchange field coexist, and they interact with each other. Barnes et al. [278]developed a sim-
ple analytic theory for the magnetic surface, and demonstrated the influence of Rashba SOC on MAE. Fig. S17 sche-
matically shows the band structure tuned by Rashba SOC or/and ferromagnetic exchange field. 
 
3.4.4 Manipulation of magnetic properties through charge injection  
Using relativistic density-functional calculations, Gong et al. [279, 280] calculated graphene/3d complex systems. 
They investigated MAE of freestanding Fe monolayer and Fe/graphene complex system, and found MAE of Fe atom 
wass drastically changed, from meV/atom scale in freestanding Fe monolayer to l eV/atom in Fe/graphene system 
[280]. The most important finding is that, through charge injection, the suppressed MAE of Fe atoms in Fe/graphene 
system can be restored back, which provides an effective approach to control MAE.  
Subsequently, Stepanyuk et al. [281] also used the method of charge injection to tune MAE of Fe-Pt multilayers, 
and found that MAE and the direction of magnetization in metallic magnetic multilayers can be tailored by surface 
charging. They demonstrated that surface charging has a deep effect on the magnitude of the MAE, which is composi-
tion dependent. Fig. S18a shows MAE versus the charge injection for systems featuring a single Fe layer capped with 
Pt. Fig. S18b, c show the behavior of the multilayers capped with iron bilayers, for which surface charging not only 
affects the value of the anisotropy but an easy-axis switching is also revealed. 
4 Summary and prospects 
Due to the magnetoelectric effect arising from the coupling between ferroelectricity and (anti)ferromagnetism, the 
multiferroics are significantly different from general ferroelectrics and ferromagnets. Hence multiferroic materials are 
unique systems in many ways and are expected to be incorporated into novel electronic devices and spintronics devic-
es. However, multiferroics equipped with prominent performance at the room temperature are still limited. 
In order to accelerate the discovery of novel materials, constructing an information library of materials is necessary. 
Materials Genome Initiative emerged at the right moment in 2011 which was launched by the US President Obama. 
Deriving from the concept of biological genome, the so-called “Materials Genome” is a set of comprehensive data-
bases based on crystallographic unit cell of crystalline phases. As elemental composition, structural symmetry, and 
intrinsic properties can be conveniently reflected through unit cell, the Material Genome would be a powerful tool to 
predict a material’s structure, physical/chemical properties, and even its response to processing and usage conditions. 
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Considering the potential application of first-principles calculations in optimization for lattice configuration, elastic, 
electronic, dielectric and thermodynamic properties, first-principles studies have been carried out in the establishment 
of the Materials Genome in the past few years [282]. With rapid enhancement in computer capabilities, they will play 
more and more important role in the prospective research of the Material Genome, including identifying the genome 
of multiferroics. 
The implement of Material Genome demands numerous computations over kinds of materials. Traditional compu-
ting methods are powerless for this arduous task, but high throughput computing—an emerging technique seems most 
possibly to curb the problem. In the frame of high throughput computing based on first-principles theory or high 
throughput first-principles calculation, loosely coupled parallel computations for lots of materials are distributed on 
large amounts of computational resources over periods of time. Very recently, computational software integration 
[283], large-scale data storage & processing technology [284] and pseudopotentials library [285] for high throughput 
first-principles calculation have started to explode into a prominence role in screening cathode materials for Lithi-
um-ion batteries [286] and high-performance piezoelectrics [287]. Though high throughput first-principles study of 
multiferroics has not set sail due to the technical barriers of themselves and the complexity of multiferroics, we are 
confident that a high-throughput highway for computational multiferroics design will be constructed and help to find 
satisfying multiferroics in coming years. 
It is noticeable that a completely theoretical understanding of the behavior of multiferroics requires computational 
tools that span the atomic-scale detail of first-principles methods and the more coarse-grained description provided by 
continuum equations. Due to its superiority in dealing with grain boundary problems [288, 289], current effort for 
multiferroics research focuses on combining first-principles study, molecular dynamics, Monte Carlo simulation, spin 
models, and micromagnetic simulation into large unit multiscale framework. The realization of unit multiscale 
framework is a grand challenge for theoretical physicists, fortunately several recent cutting-edge work has made pio-
neering progress on acquiring the information of ferromagnetic or ferroelectric domain wall information [290, 291] 
and coherently controlling magnetization switching by a series of electric field pulse signals [292], which may moti-
vate new thoughts to spring up in multiscale study of multiferroics. 
Finally, it is difficult to achieve any information of multiferroics and to design multiferroic devices precisely with-
out the support of materials growth technology, materials characterization & detection technique, and layout design in 
experiment. In consequence, first-principles study combining state-of-art experimental equipment, e.g., scanning tun-
neling microscope, atomic force microscopy, micro-Raman spectroscopy and transmission electron microscopy, now 
is becoming one of the most popular and hottest way to investigate properties of multiferroics [103, 104]. 
In conclusion, many efforts of experimental and theoretical investigations have been made to study multiferroics. 
There still exist, however, profound unknown physics blinding us to make use of multiferroic materials in real multi-
level memories, sensors or transducers, etc. Recently, lots of motivational research combining first-principles study 
and experiments [104, 293, 294] shed lights on our way to realize materials design and devices fabrication. 
First-principles approach is now considerably matured and does not show any sign of fading in the research of mul-
tiferroics. In fact, due to the vast currently unexplored opportunity to tuning the properties of the systems by strain 
 29 
 
engineering or structural modifications, first-principles study of multiferroics will continue to stand out in the arsenal 
of condensed matter physics. 
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 Fig. S1 (Color online) Valence electron localization functions for monoclinic BMO. The blue end of the scale bar corresponds to no electron 
localization while the white end corresponds to a complete localization. Reproduced with permission from [1]. Copyright 2001, American 
Chemical Society 
 
 
Fig. S2 (Color online) Structure of BFO shown a the pseudocubic-[110] direction, b the pseudocubic-[111] polarization direction, and c a general 
three dimensional view of the structure. d G-type antiferromagnetic ordering and spiral magnetic ordering. Reproduced with permission from [2]. 
Copyright 2008, Institute of Physics 
 
 
Fig. S3 (Color online) Spontaneous polarization P as a function of epitaxial strain ε1. Symbols correspond to results from first-principles 
calculations for strained unit cells, lines are obtained from the calculated bulk linear response functions. Reproduced with permission from [3]. 
Copyright 2005, American Physical Society 
 
Fig. S4 (Color online) a First-principles compressive epitaxial strain phase diagram of EuTiO3. b Schematic of epitaxially strained thin-film 
EuTiO3 on the DyScO3 substrate. c Dielectric constant versus temperature by far-infrared reflectance spectroscopy showing that 100-nm-thick 
EuTiO3-on-DyScO3 film is ferroelectric below Tc ≈ 250 K. d Magneto-optic Kerr effect measurements at 2.0 K of EuTiO3 on different substrates 
showing that EuTiO3 on DyScO3 is ferromagnetic below the temperature. Reproduced with permission from [4, 5]. Copyright 2006, American 
Physical Society and Copyright 2010 Nature Publishing Group, respectively 
 
 
Fig. S5 (Color online) Amplitude of the spontaneous polarization of EuO with respect to epitaxial strain. The paraelectric-to-ferroelectric 
transition will occur when the biaxial compressive strain is larger than 3.3 % or the biaxial tensile strain is larger than 4.2 %. Reproduced with 
permission from [6]. Copyright 2010, American Physical Society 
 
 
Fig. S6 (Color online) Ca3Mn2O7 structure and rotation distortions. a The A21am ferroelectric ground state structure. Large spheres correspond to 
Ca ions. b, c Schematic of two different octahedron rotation modes 2X
+  and 3X
− , all axes refer to the coordinate system of the I4/mmm parent 
structure. Reproduced with permission from [7]. Copyright 2011, American Physical Society 
 
 
Fig. S7 (Color online) a BFO-BMO atomic-scale checkerboard. b Top view of the atomic-scale checkerboard. c Perovskite cell. Dashed lines 
show an oxygen octahedron surrounding the B-site (Fe or Mn) cation. Reproduced with permission from [8]. Copyright 2010, American Physical 
Society 
 
 
Fig. S8 (Color online) a Atomic structure of Fe/BTO multilayer. b Minority-spin charge density at the Fe/BTO interface for two opposite 
polarizations in BTO. Reproduced with permission from [9]. Copyright 2006, American Physical Society 
 
 
 
 Fig. S9 (Color online) MAE as a function of the polarization factor λ, here λ = 1 and –1 corresponds the polarization up and down. Reproduced 
with permission from [10]. Copyright 2008, American Institute of Physics 
 
 
Fig. S10 (Color online) Surface magnetoelectric effect of Fe film. Left: increase of the magnetization when the electric field is pointed away from 
the surface. Right: decrease of the magnetization when the electric field is pointed towards the surface. Reproduced with permission from [11]. 
Copyright 2008, American Physical Society 
 
 
Fig.S11 (Color online) a Induced spin density Δσ=σ(E)–σ(0), in units of e/Å3, projected to the x-z or (010) plane around the Fe/MgO interface 
under the influence of electric field E = 1.0 V/nm in MgO. The dashed line indicates the interfacial Fe monolayer at the Fe/MgO interface. b 
Magnetic moment (in units of μB) of Fe at Fe/MgO interface as a function of the electric field in the MgO. The inset shows the calculated 
electrostatic potential across the supercell due to the applied electric field E = 4 V/nm. Reproduced with permission from [12]. Copyright 2010, 
American Institute of Physics 
 
 Fig. S12 (Color online) A ferroelectric tunnel junction. Schematic diagram of a tunnel junction, which consists of two electrodes separated by a 
nanometer-thick ferroelectric barrier layer. (Egap is the energy gap. EF is the Fermi energy, V is the applied voltage, Vc is the coercive voltage, t is 
the barrier thickness, and Δt is the thickness variation under an applied field. Reproduced with permission from [13]. Copyright 2006, Science 
 
 
Fig. S13 (Color online) Conductance of the SRO/BTO/SRO MFTJ. The four conductance states are distinguished by polarization in the barrier 
pointing to the left (←) or right (→) and magnetization of the electrodes being parallel (↑↑) or antiparallel (↓↓). Conductance values are given 
per transverse area of the unit cell. The diagram on the top shows schematically the four resistance states that can be controlled by electric (E) and 
magnetic (H) fields. Reproduced with permission from [14]. Copyright 2009, American Chemical Society 
 
 
Fig. S14 (Color online) Two-dimensional electronic eigenstates in a Rashba spin-orbit coupled system are labeled by momentum (dashed arrows). 
For each momentum the two eigenspinors point in the azimuthal direction (solid arrows). Reproduced with permission from [15]. Copyright 2004, 
American Physical Society 
 
 
 
Fig. S12 (Color online) Schematic diagram of the Datta-Das type spin field effect transistor. Reproduced with permission from [16]. Copyright 
2013, Springer 
 
 
Fig. S13 (Color online)  a Rashba splitting bands of 22-layerAu(111) along M, b the surface Rashba splitting bands under the electric fields Eext = 
0 (open circles), 0.4 V/Å (up-triangles), and −0.4 V/Å (down-triangles), c Electric-field dependence of the band energy shift (squares). The solid 
line is a linear fit to the calculated data. Reproduced with permission from [17]. Copyright 2013, American Physical Society 
 
 
 Fig. S17 (Color online) a The electric field E is perpendicular to the ferromagnet surface while the order parameter direction m, is defined by the 
angle θ relative to z. Whatever the direction of k, the Rashba magnetic field BR of direction k×E lies in the x-y plane. b The Rashba split bands of 
a nonmagnetic metal. The two Fermi sheets emerge from a ‘‘Dirac point’’ near the bottom of the illustration. For the magnetic case the two Fermi 
sheets are disconnected. c For a perpendicular m the electron spins make a constant angle δ to the vertical such that the projection is as in b. d 
Same but for m parallel to the plane. With m along the y-direction the majority and minority Fermi seas shift along the x-axis in opposite 
directions. The tilt of the spin relative to m is no longer a constant being zero along the x-axis and a maximum along the y-axis. Reproduced with 
permission from [18]. Copyright 2014, Nature Publishing Group 
 
 
Fig. S18 (Color online) Calculated self-consistent (SC) and nonself-consistent (NSC) magnetic anisotropy energy (in meV/per magnetic atom) 
for a Pt/Fe/Pt(001), b Pt/Fe2/Pt(100) and c Pt2/Fe2/Pt(100) as a function of the injected charge (holes). The charge-doping scale (in units of e/unit 
cell) is referred to the neutral system. Positive (negative) values stand for an excess (lack) of valence electrons. The dashed lines are only to guide 
the eye to find the MA in the neutral system. Positive (negative) MA values stand for an out (in-plane) axis of magnetization. Reproduced with 
permission from [19]. Copyright 2013, American Physical Society 
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